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Cyclic stretching is pivotal to maintenance of the ligaments.
However, it is still not clear when ligament ﬁbroblasts switch on
expressionofgenesrelatedtothemechanotransductionpathwayin
response to cyclic stretching. This in vitro study investigated, using
ligament ﬁbroblasts, the time-dependent changes in distribution
and gene expression of β1 integrin, the cytoskeleton, and collagens
after the application of 6% cyclic stretching at a frequency of
0.1 Hz for 3 hr on silicon membranes. We carried out confocal
laser scanning microscopy to demonstrate changes in distribution
of these components as well as quantitative real-time RT-PCR to
quantify levels of these gene expression both during application of
cyclicstretchingandat0,2,6,12,and18hraftertheterminationof
stretching.Control(unstretched)cellswereusedateachtimepoint.
Within1hroftheapplicationofstretching,theﬁbroblastsandtheir
actin stress ﬁbers became aligned in a direction perpendicular
to the major axis of stretch, whereas control (unstretched) cells
were randomly distributed. In response to cyclic stretching,
upregulation of actin at the mRNA level was ﬁrst observed within
1 hr after the onset of stretching, while upregulation of β1 integrin
and type I and type III collagens was observed between 2 and 12 hr
after the termination of stretching. These results indicate that the
ﬁbroblasts quickly modify their morphology in response to cyclic
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stretching, and subsequently they upregulate the expression of
genes related to the mechanotransduction pathway mainly during
the resting period after the termination of stretching.
Keywords Cyclic Stretching, Integrin, Ligament Fibroblast, Cy-
toskeleton, Collagen
INTRODUCTION
The ligament is a highly organized tissue whose structure
and metabolism are maintained by mechanical stimuli applied
during daily activities. The highly oriented organization of
collagens in the ligament is maintained by the ﬁbroblasts joined
along their longitudinal rows by longitudinally organized actin
stress ﬁbers linked end-to-end with adherent junctions [1, 2].
Thus,themechanicalstretchingappliedtotheligamentinvivois
transferredthroughouttheligamentsandisthoughttoplaysome
important roles in ligament morphogenesis and maintenance [2,
3]. At the cellular level, it has been suggested that mechanical
stretching is transferred through the extracellular matrix (ECM)
and into the cells across cell surface integrins and then through
the cytoskeleton (CSK) with resultant modiﬁcations to cellular
structure and metabolism [4–7].
Several studies have investigated the effects of cyclic
stretchingonthestructureandmetabolismofﬁbroblastsinvitro.
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When ﬁbroblasts were seeded as a monolayer on deformable
membranes and then subjected to cyclic stretching, the cells and
their actin microﬁlaments became aligned in a direction almost
perpendiculartothemajoraxisofstretch[8–15].Thereweretwo
possible explanations for the mechanism of cell reorientation:
re-redistribution of integrin and the CSK and their de novo
expression from the mRNA level. Since it has been reported
that morphological changes undergone by the ﬁbroblasts in
response to cyclic stretching can be observed immediately after
the application of cyclic stretching, the morphological change
seems to occur before upregulation of the genes encoding
integrin and the CSK [8, 9–17]. However, the way in which
the cells alter their orientation is still not fully understood.
Several studies have reported that in response to cyclic
stretching, ligament ﬁbroblasts increase the expression of genes
encoding both cellular and extracellular protein components
involved in mechanotransduction, including several subtypes
of integrins, actin microﬁlaments, type I collagen, and type
III collagen [18–24]. However, an in vivo study demonstrated
that gene expression of type I collagen was upregulated within
1 hr from the onset of cyclic stretching and subsequently
downregulated after 2 hr [24]. Another study also reported
that in response to cyclic stretching, ﬁbroblasts gradually
downregulated expression of the gene encoding type I pro-
collagen after application of cyclic stretching for 12 hr [21].
These observations suggest that application of prolonged cyclic
stretching downregulates the expression of genes encoding
ECM components.
Therefore, we hypothesized that a resting period after the
application of cyclic stretching was required for the ligaments
topromotetheirexpressionofgenesencodingtheCSK,integrin,
and collagens. The hypothesis was tested by investigating
the time-dependent effects of cyclic stretching on both the
distribution of β1 integrins, actin, and vimentin and the
expression of genes encoding such components as well as type
I and type III collagens.
MATERIALS AND METHODS
Preparation of Ligament Fibroblasts
This study was approved by the Committee of the Center for
LaboratoryAnimalScience,NationalDefenseMedicalCollege.
Under diethyl ether anesthesia, the midsubstance of the anterior
cruciate ligament was surgically dissected from Japanese white
rabbits used for other studies approved by the National Defense
Medical College, and chopped into small pieces under aseptic
conditions. These pieces of ligament were treated with 0.25%
actinase E (Kaken, Tokyo, Japan) for 1 hr and 0.025%
collagenase type 1-A (Sigma-Aldrich, St. Louis, MO, USA) for
3h ra t3 7 ◦C. The resulting digest was centrifuged at 1500 rpm
for 10 min and the cell pellet was suspended in serum-free
Dulbecco’s modiﬁed eagle medium (DMEM). The cells were
washed with phosphate buffered saline (PBS) and resuspended
in DMEM containing 10% fetal bovine serum (FBS) and 1%
antibiotic/antimycotic solution. The cells were plated in petri
dishes and maintained at 37◦C in a humidiﬁed atmosphere
of 5% CO2 in air. The medium was changed twice per
week.
Application of Cyclic Uniaxial Stretching
The cells were plated in deformable silicon-membrane
chambers (Figure 1A, 1B) coated with type I collagen (Nitta
gelatin, Osaka, Japan) at an initial density of 1 × 104 cells/cm2
and allowed to attach for 24 hr before application of cyclic
stretching. Since these chambers have hard silicon parts
surrounding the thin silicon membrane, approximately pure
uniaxial stretching could be applied on the membrane at 6%
stretchwithoutcausingheterogeneousdeformationwhichmight
result in membrane center narrowing and lateral wall thinning
of the silicon well. Two groups of cells were prepared: in one,
designated the stretched group, the cells within the chambers
were mounted on a cell-stretchdevice (ST-140; STREX, Osaka,
Japan) (Figure 1A, 1B) and 6% uniaxial cyclic stretching was
applied at a frequency of 0.1 Hz for a 3-hr regimen in the
incubator and then maintained at rest. In the other group,
designated the control group (unstretched), the cells in the
chambers were not subjected to stretching.
Immunoﬂuorescence Staining
The cells from both groups were ﬁxed with 4% (w/v)
paraformaldehydeandincubatedwith1%bovineserumalbumin
(BSA). The extracellular domain of β1 integrins was labelled
with an FITC-conjugated mouse monoclonal antibody to β1
integrin (Chemicon International, Temecula, CA, USA). Fila-
mentous actin was labelled with Alexa-Fluor-633 conjugated
to phalloidin (InvitrogenTM, San Diego, CA, USA). Vimentin
intermediate ﬁlaments were labelled with Cy3 conjugated
to an antivimentin antibody (Sigma-Aldrich). Nuclei were
counterstained with 120 µM DAPI (Invitrogen). Each silicon
membrane was removed from the silicon chambers using a
scalpel, mounted on a glass slide cell-side up, and covered
with a cover slip using an antifade reagent (Vector Laboratories,
Burlingame, CA, USA). The results of the antibody alone were
used as negative control.
Confocal Laser Scanning Microscopy
Confocal laser scanning microscopy was performed using a
Zeiss-510 Meta (Carl Zeiss, G¨ ottingen, Germany) to visualize
the time-dependent effects of cyclic stretching on cell mor-
phology and distribution of β1 integrins, actin, and vimentin.
Two air lenses (10×/0.30 and 20×/0.80, Carl Zeiss) and two
oil-immersion lenses (63×/1.40 and 100×/1.40, Carl Zeiss)
wereusedforobservations.A405nmbluediodelaser,a488nm
argon laser and helium-neon lasers emitting at 543 nm and
633 nm were set to excite DAPI (nucleus), FITC (β1 integrin),
Cy3 (vimentin), and Alexa Fluor 633 (actin), respectively.
The Z-series of ﬂuorescence images of β1 integrins, actin,CYCLIC STRETCHING OF FIBROBLASTS 265
FIG. 1. Top view (A) and side view (B) of a deformable silicon-well chamber containing a 16-mm-long × 10-mm-wide silicon membrane at its base. Ten wells
are able to be simultaneously mounted on a multistation cell-stretching device. Arrows indicate the direction of applied stretching. (C) Sampling regime for the
PCR studies. ∗ Time 0 is deﬁned as the point at which the stretching was terminated.
vimentin, and nuclei were acquired simultaneously using four
emission-detectorsandreconstructedthree-dimensionallyusing
software (LSM Image browser, Carl Zeiss).
Quantitative Real-Time Reverse Transcription
(RT)-Polymerase Chain Reaction (PCR)
Total RNA was extracted from both the control (unstretched)
and the stretched group using an RNeasy plus mini kit (Qiagen,
Valencia, CA, USA) following the manufacturer’s protocol,
both during stretching and at 0, 2, 6, 12, and 18 hr after the
termination of stretching (Figure 1C). Time 0 in this study was
deﬁned as the time point of the termination of stretching. First,
25 Ng of total RNA per 20 µl of reaction volume were reverse
transcribed into cDNA using a high capacity transcription kit
(Applied Biosystems [ABI], Foster City, CA, USA]. Second,
single-stranded cDNA products were then analyzed with real-
time PCR using the TaqMan gene expression assays (ABI)
and ABI Prism 7900HT sequence detector. cDNA samples
(1 µl in a total reaction volume of 20 µl) were analyzed
for the genes of interest using GAPDH as the housekeeping
gene. The master-mix consisted of 8 µlo fd H 20, 10 µlo f
TaqMan fast universal PCR master-mix (ABI), and 1 µlo fP C R
primers(Invitrogen).Thelevelofexpressionofeachtargetgene
TABLE 1
Primers speciﬁc for β actin (ACTB), β1 integrin (ITGB), type-I collagen alpha1 (COL1A1), type-I collagen alpha2
(COL1A2), type-III collagen alpha1 (COL3A1), and GAPDH control
Sense Antisense
ACTB 5 -GGC CGT CTT CCC CTC CAT CG-3  5 -CTA GTT GGT CAC GAT GCC GTG C-3 
ITGB 5 -CAG GCA GGC CCC AAT TGT GG-3  5 -CCT TTG CTA CGG TTG GTG ACA TT-3 
COL1A1 5 -CAT CAA GGT CTT CTG CGA CA-3  5 -CTT GGG GTT CTT GCT GAT GT-3 
COL1A2 5 -CAA TCA CGC CTC TCA GAA CA-3  5 -TCG GCA ACA AGT TCA ACA TC-3 
COL3A1 5 -GCT CCT GGA CAG AAT GGT GAG-3  5 -CGC CTT TGA CAC CTT GAG GA-3 
GAPDH 5 -GTG AAG GTC GGA GTG AAC G-3  5 -CAA CAT CCA CTT TGC CAG AGT TAA-3 266 D. KANEKO ET AL.
FIG. 2. Confocallaserscanningmicroscopy.Thecytoskeletalorganizationof
a ligament ﬁbroblast in the control group (A, B, C) and the stretched group (D,
E,F)(Bar:20µm).Thedouble-headedarrowsrepresentthedirectionofapplied
stretching. In the control group, the actin stress ﬁbers (A: green) and vimentin
meshwork(B:red)aredistributedrandomly.(C)Mergedimage(nucleus:cyan).
After stretching, the actin stress ﬁbers (D: green) and vimentin meshwork (E:
red) are oriented parallel to the longitudinal axes of the cells. (F) Merged image.
was normalized to GAPDH and then compared. Analysis of
each sample was repeated 6 times for each gene of interest.
RT-PCR was performed at 95◦C for 2 min followed by 34
cycles of 30 sec of denaturation at 95◦C, 30 sec annealing
at the primer-speciﬁc temperature, and 1 min elongation at
72◦C.
The PCR primers were β1i n t e g r i n( I T G B ) ,β actin (ACTB),
type I collagen alpha1 (COL1A1), type I collagen alpha2
(COL1A2), and type III collagen alpha1 (COL3A1) (Table 1).
The primer sequences were obtained using Blat (http://
FIG. 3. Confocal laser scanning microscopy. Effects of cyclic stretching on
the distribution of β1 integrins within ligament ﬁbroblasts (Bar: 20 µm). (A)
In the control group, the β1 integrins (green) are randomly distributed within
the plasma membrane attached to the silicon substrate and have a dot-like
appearance. (B) In the stretched group, the β1 integrins are strongly distributed
on the polar sides of the stretched cells and have a linear shape. The double-
headed arrow indicates the direction of applied stretching.
genome.ucsc.edu/cgi-bin/hgBlat) in UCSC (http://genome.
ucsc.edu) from the target genes of human and mouse ho-
mologues. Thereafter the primer sequences and probes were
designed using Primer3 (http://primer3.sourceforge.net/). For
comparison of expression of each gene at each time point
betweenthestretchedandcontrolgroups,thedatawereanalyzed
using Student’s t-test. Statistical signiﬁcance was determined at
the p 0.05 level for all tests.
RESULTS
Distribution of 1 Integrins and the Cytoskeleton
In the control group, ﬁbroblasts were randomly aligned and
exhibitedavarietyofshapes.Actinstressﬁbersweredistributed
randomly and vimentin formed a random meshwork which
was distributed between the plasma membrane and the nuclear
membrane (Figure 2A–2C). In the stretched group, ﬁbroblasts
became aligned away from the direction of applied stretching,
while parallel arrays of actin stress ﬁbers and a vimentin
meshwork within the individual ﬁbroblasts also became aligned
inthisdirection(Figure2D–2F).β1integrinsinﬁbroblastsfrom
the control group were distributed randomly within the plasma
membrane attached to the silicon membranes and showed a
dot-like appearance (Figure 3A).
Meanwhile, in ﬁbroblasts from the stretched group, β1
integrins were heavily distributed on the polar sides of the
ﬁbroblasts and were linear in shape aligned parallel to the cells’
FIG. 4. Both β1 integrin (A) and actin stress ﬁbers (B) within a ﬁbroblast
are aligned perpendicular to the direction of applied stretching (double-headed
arrows). The merged image (C) and its schematic drawing (D) show that β1
integrin is distributed at both ends of the actin stress ﬁbers (Bar: 20 µm).CYCLIC STRETCHING OF FIBROBLASTS 267
FIG. 5. Time-dependent effects of cyclic tensile stretching on the gene expressions of β actin (ACTB), β1 integrin (ITGB), type-I collagen alpha1 (COL1A1),
typeIcollagenalpha2(COL1A2),andtypeIIIcollagenalpha1(COL3A1)inligamentﬁbroblasts.Therelativeexpressionlevelrepresentsthetargetgeneexpression
relative to GAPDH in the stretched group normalized to the control group. ∗p < 0.05.
longaxes(Figure3B).Amergedimageofβ1integrinsandactin
inthestretchedgroupﬁbroblastsdemonstratedthatβ1integrins
were distributed at both ends of the actin stress ﬁbers which
were aligned away from the direction of applied stretching
(Figure 4A–4D).
Gene Expression
The gene expression of β1 integrin, β actin, and type I
and type III collagens relative to GAPDH became upregulated
compared to control in response to cyclic tensile stretching in a
time-dependentmanner.After1hrfromtheapplicationofcyclic
stretching (Figure 5A), expression of β actin in the stretched
ﬁbroblasts was 55% higher than that in the unstretched control
group, and this upregulation was observed until the termination
of cyclic stretching. After cyclic stretching had been applied
for 3 hr (Figure 5B), the expression of type III collagen in the
stretched group was 58% higher than that in the unstretched
control. At 2 hr after the termination of cyclic stretching
(Figure 5C), expression of β1 integrin, type I collagen alpha2,
and type III collagen in the stretched group were 35%, 40%,
and 71% higher than those of control, respectively. At 6 hr
aftertheterminationofstretching(Figure5D),ITGB,COL1A1,
COL1A2,andtypelllcollageninthestretchedgroupwere74%,
58%, 67%, and 131% higher than that of control, respectively.
Upto12hraftertheterminationofcyclicstretching(Figure5E),
β1 integrin, type I, and type III collagens were still upregulated
in response to cyclic stretching. However, at 18 hr after the
termination of stretching, no upregulation of gene expression
was observed (Figure 5F).268 D. KANEKO ET AL.
DISCUSSION
This study supports the idea that ligament cells change their
morphology and orientation before upregulation of the genes
encoding both cellular and extracellular components involved
in mechanotransduction, i.e., β1 integrins, β-actin, type I
collagen, and type III collagen. Previous studies have shown
that several subtypes of integrin are upregulated in response
to cyclic tensile stretching and several alternative mechanisms
have been proposed: an increase in integrins at the mRNA
level or an increase in integrin recruitment and/or recycling
at the cell surface [18, 19, 21, 22, 25–28]. These studies also
suggested that some families of genes appeared to control
the recycling of integrin and actin stress ﬁbers to modify the
lamellipodium and ﬁlopodium—rather than controlling these
processes by upregulation of target genes at the mRNA level.
Some studies reported that Rho family and Rab family proteins
played important roles in actin repolymerization and recycling
of integrins, respectively [26–28]. Since the present study
demonstrated that morphological changes occurred within 1 hr
after the onset of cyclic stretching and before upregulation
of β1-integrin at the mRNA level, the early re-distribution
of β1 integrin might be due to its recycling. Several studies
have described that in response to the application of cyclic
stretching, the cells become oriented nearly perpendicular to
the stretching direction and that the cells reorganize their shape
to minimize excessive stretching or deformation in the direction
ofthemajoraxisofstretch[8–15].However,Wangetal.[15–17]
demonstrated that cells which were aligned in the direction of
silicon microgrooves did not change their alignment even after
the application of cyclic stretching.
These previous observations suggested that both contact
guidance and the direction of applied stretching determine
cellular orientation and shape. In this study, we demonstrated
that this cellular realignment was accompanied by coordinate
changes in the distribution of β1 integrins and the β actin
and vimentin meshwork within each cell. The cells seemed
to perceive force direction quickly and subsequently initiate
the rearrangement of their β1 integrins and actin coordinately
to the appropriate regions of the individual cells, subsequently
upregulating expression of the genes encoding β1 integrins and
collagens.
This study also supports the hypothesis that a resting
period after the termination of cyclic stretching is required
for the ligament ﬁbroblasts to upregulate the genes encod-
ing both cellular and extracellular components involved in
mechanotransduction. Previous studies demonstrated that type l
collagen gene expression was gradually down regulated during
continuous cyclic stretching both in vivo and in vitro [21, 24].
These facts suggested that the ﬁbroblasts increase synthesis
of collagen during the resting period after the termination of
cyclic stretching, while they suppress it during the application
of excessive continuous stretching. We observed that the
upregulation of β1 integrins and type I and type III collagens
occurredduringtherestingperiodaftertheterminationofcyclic
stretching and this lasted for at least 10 hr. Our results suggest
that the resting period after the termination of cyclic stretching
might be the critical period for ligament ﬁbroblasts to increase
expression of genes involved in mechanotransduction and the
synthesis of these proteins.
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